Energy assessment of deep tunnels depends on the depth and what kind of ground they surrounded by .The numerical results showed that high static compressive stress concentration around the underground tunnel results in the accumulation of substantial strain energy at the same location. The roof and floor of the tunnel are more prone to dynamic failures during the blasting loading process. the analysis of energy dissipation indicated that the strain energy reduction and the residual kinetic energy are positively related to the lateral pressure coefficient and the burial depth of the tunnel, and the residual kinetic energy is much larger than the strain energy reduction under the same condition. Furthermore, for an underground tunnel subjected to high in situ stress, the blasting stress wave with lower amplitude is sufficient to trigger severe dynamic failures. Results indicate that a tunnel in saturated soil is more vulnerable to severe damage than that buried in either partially saturated soil or dry soil. The tunnel is also more vulnerable to surface explosions that occur directly above the centre of the tunnel than those that occur at any equivalent distance in the ground away from the tunnel centre.
INTRODUCTION
In recent years, the exhaustion of mineral resources in shallow depths, and the rapid development of tunneling and hydropower engineering, have considerably motivated the tunnel excavations to extend to depth. However, due to the complicated geological environment in which deep excavations are carried out, a large number of unconventional rock failure phenomena such as spalling, [1] , [ 15 disintegration phenomenon [3] , [4] and rock burst hazards [5] , [6] have been observed during underground excavations. These accidents or hazards will bring about damages to equipment and delays of excavation operation, and even pose great threats to the safety of construction personnel. Therefore, it is an urgent issue to figure out the mechanism of the engineering disasters occurring in deep excavations. In practice, underground rocks and ores are naturally stressed by gravitational and tectonic stress.
When an underground tunnel is excavated, the previous stress states existing in rock mass are disturbed, with the radial principal stress being released and tangential principal stress concentrating in the periphery of the tunnel. [7] [8] [9] in this process, the strain energy releases at some locations while accumulating at other locations, which leads to different mechanical responses of underground tunnels under dynamic disturbance. [10] [11] In addition, during the underground excavation process, the excavation damaged zone (EDZ) is formed in the proximity of the excavated tunnel. [20] Therefore, the dynamic disturbance is an important factor to be considered when studying the stability of deep-buried tunnel.
The drill and blast (D&B) method is extensively used in mining and tunneling engineering, because it is still an economical and efficient excavation approach for rock fracture and fragmentation. [21] When the drill and blast method is used in underground excavations, the blasting vibration is generated and propagates to the deep of surrounding rock mass in the form of stress waves, which may cause damage to not only the surrounding rock mass but also nearby structures. [22] [23] Therefore, many researchers have conducted a lot of studies on the dynamic responses of structures subjected to blast-induced stress waves, aiming at putting forward more reasonable and effective support schemes. For instance, Malmgren and Nordlund [24] analyzed the dynamic behaviors of shotcrete supported rock wedges subjected to blast-induced vibrations based on field measurement data in the Pabedana(Kerman ,Iran) coal mine, and indicated that a wedge can be ejected by a dynamic load even if the static safety factor is larger than 10. Therefore, the support system was suggested to be able to consume energy in order to support the rock wedges subjected to blasting loads. [30] to determine the dynamic response of large three-dimensional underground structures subjected to dynamic loads or seismic waves. Wang et al. [31] analyzed dynamic fracture behaviors of rock in tension due to blast loading using a finite element method (FEM) code LS-DYNA. Ning et al. [32] [33] implemented the discontinuous deformation analysis (DDA) to simulate the rock mass failures by the blast-induced high pressure expansion. In their numerical model, the whole process of the blast chamber expansion, explosion gas penetration, rock mass failure and cast, and the formation of the final blasting pile can be wholly reproduced.
In addition, the finite difference method (FDM) based program FLAC3D was used by Wang et al. [34] to study the dynamic response of underground gas storage salt cavern under seismic loads. As for dynamic responses of underground tunnels under dynamic disturbance, Zhu et al. [35] . This paper provides an insight into the mechanism of rockbursts in the periphery of underground tunnels, as well as guidance for the design in support of depth and different surrounding soils. information on the response of bored tunnels to blast loading. It is therefore of interest to investigate the vulnerability of segmented tunnels to credible blast loading.
Theoretical formulation of the dynamic response of a circular tunnel
In theoretical analysis, it is assumed that a circular tunnel is excavated along the direction parallel to the principal stress, so the problem can be approximately As shown in Fig. 1 , a harmonically time-varying incident plane P wave propagates along the positive direction of axis x, and the incident wave can be expressed as:
where α=ω/cp is the P wave number, φ0 is the amplitude, ω is the circular frequency, and cp is the P wave velocity.
In terms of the wave function expansion method, the incident wave function can be expanded as:
When an incident plane P-wave propagates through a circular hole, a compressional wave (P wave) and a shear wave (SV wave) arise from the circular hole boundary, because the reflecting surface is not perpendicular to the direction of P wave incidence. The SH wave is not generated because it causes rock particles to oscillate perpendicular to the analyzed plane.44 P and SV waves can be expressed as:
where φ(r) and ψ(r) are the reflected P wave and the reflected S wave, respectively, which represent waves diverging from the origin, β=ω/cs is the S wave number, cs is the S wave velocity, Hn (x) (1) Now we can determine the transient stress behaviors of the tunnel under blasting load using Eq. (6). However, it is also cumbersome to take a direct integration of Eq. Numerical results in Fig. 2 indicate that obvious dynamic stress concentration generated at tunnel boundary during blasting loading process, which is characterized by compressive stress concentration at θ=π/2 and tensile stress concentration at θ=0
and π. The DSCF at θ=π/2 is much larger than that at θ=0 and π. The DSCF time-history curves at θ=0 and π have approximately the same shapes. In loading process, DSCF increases rapidly to the first positive peak value and then declines to the minimum value; in unloading process, DSCF increases from the minimum value to the secondary positive peak value and then decreases to zero. While the DSCF curves at θ=π/2 have different shapes, only one positive peak value and one negative peak value appear during loading and unloading process.
In the entire processes, the loading effect can be represented by the minimum value at θ=0 and π and maximum value at θ=π/2, and the unloading effect can be represented by the secondary positive peak value at θ=0 and π and negative peak value at θ=π/2. It is found that the unloading effect is more dramatic when ts/tr =5 than that when ts/tr =10. For the same ts/tr ratio, the shorter the τr is, the more dramatic unloading effect is. It indicates that shorter duration of blasting load induces more obvious unloading effect. When the duration of blasting load increases to τs where κ is the ratio of P to S wave velocity. Eq. (33) is the limit of Eq. (19) when α → 0, which is equivalent to the static solution for biaxial loadings. The static stress concentration factor is 2.74 at θ=π/2 and −0.22 at θ= 0 and π.
3.Dynamic responses of underground tunnel induced by blasting load
In this section, a series of waveforms of blasting load with different rising time (i.e., tr kJ and 6.65 kJ respectively, while it is 24.35 kJ at θ=π/2. The maximum value of strain energy at θ=π/2 is considerably larger than that at θ=0 and π, and the greater the tr is, the larger the value of the maximum strain energy is. It indicates that a dynamic stress wave with high rising time induces a large amount of strain energy accumulating at the roof and floor of the tunnel. Fig. 3g -i presents the kinetic energy evolutional curves in different monitoring points at tunnel boundary during dynamic loading.
When dynamic stress wave arrives at the left sidewall of the tunnel, the kinetic energy at θ=π increases rapidly to a peak value as shown in Fig. 3i , the peak value of kinetic energy decreases with the increase of tr, and the maximum kinetic energy is 5.62 kJ when tr =1 ms. It can be observed from Fig. 3g and h that the peak value of kinetic energy at θ= 0 and π/2 increases with the increase of tr, and the maximum values of kinetic energy at θ= 0 and π/2 are 2.66 kJ and 2.99 kJ when tr =5 ms, which are smaller than that at θ=π.
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In bored tunnel construction, the soil types can vary along the length of the tunnel.
This section investigates the blast response of a segmented tunnel buried in different soil types. Three types of soils that were considered in [34] to investigate the blast effect on buried piles were used in this study.
There are three soil types: saturated soil, partially saturated soil and dry soil. As [34] , a similar free-field study was first conducted. The free-field peak pressure attenuation responses for these three soils were consistent with the plots presented in [34] . Fig.4 shows a comparison of the peak pressure attenuations for the three types of soils as a function of scaled distances. It shows that both the soil type and the degree of water saturation play a large role in determining the peak pressures. The comparison shows that higher peak pressures occur in the saturated clay soil.
As described in Fig. 5 , a common single tube railway tunnel system [30] was considered, having a 150 mm thickness annulus concrete grout of concrete grade 15
around the tunnel. The inner diameter and the thickness of the tunnel lining were 5.8 m and 275 mm, respectively. The segment was 1.4 m in length in the longitudinal direction. As illustrated, the segments were rotated from ring to ring by a 22.5° angle to the tunnel centreline (CL). Both radial and circumferential joints were flat; the reinforcement details are described in Fig. 5 . Figure 6 represents the three-dimensional numerical model to study the effects of surface blast loading on tunnel response under the influence of the soil properties.
Considering the symmetries, half of the structure about ZX plane was modelled with a cylindrical explosive at the ground surface. Grouting of annular gap was achieved by a full round embedment with the surrounding soil. The interface between the grout and the soil was modelled using merged nodes.
However, the interface between the segments and the grout was modelled using the penalty-based surface-surface type contact. Apart from the geometrical aspects of the segments, modelling of the segments and their reinforcements was similar to the modelling of the test slab and the reaction structure. 18 The soil properties were changed to investigate their effects on the different aspects of the tunnel response. 
The Effect of Tunnel Depth and Stand-off Distance in Blast Impact
There are numerous empirical relationships between the stand-off distance and blast effects due to various explosive weights for free-field explosions. However, the relationship between the stand-off distance and the segmented tunnel response due to a surface blast are not reported. There is no established guideline for predicting either the tunnel response or the characteristics of the blast loading. In this section, the effects of tunnel depth, ground distance and explosive weight on the tunnel response in the saturated soil are studied. The damage state increases with the intensity of the shock wave impacting the tunnel.
Low-energy blast impacts cause little or no damage in the tunnel lining while high-energy blast impacts cause moderate to severe damage.
Conclusion
In this paper, a two-dimensional mathematical physics model was first presented to investigate the dynamic response around a circular tunnel subjected to blasting stress wave excitation. Based on the steady state solution of the wave expansion approach, transient solutions subjected to different incident waveforms were obtained. Theoretical results indicated that the DSCF at the roof and floor of the tunnel is much larger than that at two sidewalls when blasting stress wave was applied to left model boundary, but the dynamic amplification factor at two sidewalls is much larger than that at the roof and floor. The numerical results indicated that, for an underground tunnel only subjected to in situ stress, high compressive stress The main findings of this study are as follows:
− Both soil composition and degree of water saturation have a great impact on the peak pressure response in the soil as well as on the tunnel structure.
− The blast response of a tunnel buried in saturated soil is more severe in terms of crack formation and bolt failures than that of tunnels buried in either partially saturated soil or dry soil when subjected to the same surface explosion.
− In all soil types, the diametric distortions increase with the explosive mass and the distortions are irreversible in all load cases.
− The analytical curves developed in this study enable a quick and simple assessment of the vulnerability of buried tunnels subjected to surface blasts. A comparison of critical lines for identical scale distances illustrates that the tunnel lining is more vulnerable to surface explosions that occur directly above the centre of the tunnel than those that occur in the ground at any equivalent distance from the tunnel centre. 
